Ionization-induced self-channeling of a ≤ 500 MW, 9.6 GHz, < 1 ns microwave beam injected into air at ∼4.5 × 10 3 Pa or He at ∼10 3 Pa is experimentally demonstrated for the first time. The plasma, generated by the impact ionization of the gas driven by the microwave beam, has a radial density distribution reducing towards the beam axis, where the microwave field is highest, because the ionization rate is a decreasing function of the microwave amplitude. This forms a plasma channel which prevents the divergence of the microwave beam. The experimental data obtained using various diagnostic methods are in good agreement with the results of analytical calculations, as well as particle in cell Monte Carlo collisional modeling. DOI: 10.1103/PhysRevLett.120.135003 The interaction of high-power, short-duration laser and microwave beams with plasma has been widely studied [1] [2] [3] [4] [5] due to intriguing physical phenomena involved and applications such as plasma particle accelerators [6, 7] , inertial confinement fusion [8] , remote atmospheric sensing [9] , high harmonic generation [10], etc. Laser guiding in plasma can be achieved either by self-channeling [11] or in a preformed plasma channel with a reduced plasma density near the axis [12] .
The interaction of high-power, short-duration laser and microwave beams with plasma has been widely studied [1] [2] [3] [4] [5] due to intriguing physical phenomena involved and applications such as plasma particle accelerators [6, 7] , inertial confinement fusion [8] , remote atmospheric sensing [9] , high harmonic generation [10] , etc. Laser guiding in plasma can be achieved either by self-channeling [11] or in a preformed plasma channel with a reduced plasma density near the axis [12] .
The availability of subnanosecond high-power microwave sources of ≥ 1 GW at ≥ 10 GHz and electric fields ≥ 200 kV=cm has made it possible to study the nonlinear interaction of such electromagnetic (EM) waves with gas and plasma instead of lasers. This is important for understanding the phenomena underlying this process and for plasma heating, energy transfer, etc. Various phenomena were found to be responsible for EM pulse self-channeling [13, 14] , but, as a rule, the ionization process is of secondary importance, because the guiding profile of the refractive index appears as a result of the interaction of the preliminarily generated plasma with the EM beam. However, for certain conditions, the nonmonotonic dependence of the impact ionization cross section σ i on the electron energy is sufficient for the EM beam's guiding [15, 16] . The plasma density increases due to gas impact ionization as ln½n e ðr; tÞ=n 0 ¼ n g 
where n 0 is the natural background electron density (≤ 10 5 cm −3 ), n g is the gas density, v and w are the electron velocity and energy, respectively, at the distance r from the EM beam axis, and σ i is the electron impact ionization cross section. The evolution of the plasma density for a Gaussian beam with the power distribution Pðr; tÞ with time normalized to the pulse duration t pulse and r to the radial width r beam is shown in Fig. 1 . Typically, σ i reaches its maximum at an electron energy of ∼100 eV and decreases when the energy exceeds this value [17] . Thus, at the leading front of the EM beam, the density is maximal on axis. Later, when the wave amplitude becomes sufficiently large, the region with the highest ionization rate is shifted from the beam axis to its periphery, resulting in the formation of a plasma channel with minimal density at the beam axis.
FIG. 1. Evolution of the plasma density nðr; tÞ, generated by an EM pulse. Plasma density is normalized by its value on the beam axis η ¼ n e ðr; tÞ=n e ð0; tÞ, making the evolution of the density's radial profile more illustrative.
Such a plasma channel can be formed only when the wave amplitude exceeds a threshold value E thresh , which can be calculated from Eq. (1) and the ionization cross section data. Helium and air are characterized by practically the same value E thresh ≈ ð4-5Þ × 10 5 =λ, where the electric field E thresh and the wavelength λ are given in V=cm and in cm, respectively. For our microwave source λ ¼ 3 cm, so E thresh ∼ 150 kV=cm. Equation (1) allows one to estimate the optimal gas pressure for the plasma channel formation to be ∼3 × 10 3 Pa. In this Letter, we report the first observations of such self-guiding of a subnanosecond Gaussian, high-power (≤ 500 MW) microwave (9.6 GHz) beam in low-pressure 1.5-150 × 10 2 Pa gases (He and air). The experimental setup is shown in Fig. 2 . A superradiance backward wave oscillator (9.6 GHz, ∼500 MW, t pulse ≈ 0.37 ns) is connected to a horn antenna through a mode converter, producing a linearly polarized Gaussian beam [18] . The beam is focused using a hyperbolic dielectric (Ultem, ε r ≈ 3) lens into a 100 cm long, 240 mm inner diameter Pyrex tube filled with He or air. The beam's characteristic radius at the antenna entrance plane is r beam ≈ 7 cm. At the focal plane, located at the distance of ∼9 cm relative to the lens tip, the beam radius is r beam ≈ 1.6 cm, resulting in a Rayleigh length of ∼5.4 cm and a maximal electric field of ∼165 kV=cm for ∼500 MW input power. Side and front views of the plasma light emission were obtained by a fast-framing (1.2 ns) 4QuikE intensified camera (Stanford Computer Optics).
To measure the intensity of the He spectral lines, an absolute calibrated setup consisting of mirrors, lenses, and a Chromex 250i imaging spectrometer (1800 grooves=mm, spectral resolution 0.3 A=pixel) with a 4QuikE camera (Stanford Computer Optics) at its output was used. These measurements allow the determination of the energy level population of the excited atoms and ions and, respectively, to calculate the density of atoms and ions using atomic data. The radial distribution of the transmitted microwave power at the Pyrex tube output was measured by a receiving antenna and recorded by a 12 GHz digitizing oscilloscope (Agilent DSO81024B). To measure the beam pattern, a Ne lamp (Multicomp, MC08020000) array consisting of 400 miniature tubes (4 mm in diameter) was placed inside the tube at the distance of 18 cm from the lens tip. The maximal energy of the plasma electrons was estimated by the electron-induced luminescence of an Ej-228 scintillator (0.5 ns rise and 1.5 ns decay times) with Al foils (10 and 20 μm thick) placed at its front surface together with the NIST tabulated continuous slowing down approximation range data (CSDA) [19] . The scintillator was coupled to an optical fiber connected to a Hamamatsu R7400U photomultiplier tube placed inside a screen room.
Full 3D electromagnetic simulation in a vacuum (MAGIC [20] ) shows that only ∼10% of the incident power reaches the receiving antenna. Experimentally, it is found that for low (P < 1 × 10 3 Pa) and high (P > 1 × 10 4 Pa) pressures the transmitted power is close to this value, but there exists an intermediate pressure region, 1.5 × 10 3 Pa ≤ P ≤ 8 × 10
4 Pa for air and 7 × 10 3 Pa ≤ P ≤ 1.5 × 10 4 Pa for He, for which the microwave transmission seems to be blocked and the received power decreases by more than a factor of 2 (Fig. 3) .
The microwave power waveforms normalized to the values in a vacuum, measured by the receiving antenna for 10 −2 Pa (vacuum) and 4 × 10 3 Pa He, are shown in Fig. 3 . In contrast to low or high pressures, at 4 × 10 3 Pa the transmitted microwave power has two peaks separated in time. Using our model of the plasma channel formation, this shape can be explained as follows. At the beginning of the pulse, when the wave amplitude is small, the plasma is generated mainly near the focal plane around the beam axis (Fig. 1 ). This profile of the plasma density enhances the radial divergence of the beam. The denser the plasma, the larger the beam divergence resulting in the decrease in the receiving antenna signal. Closer to the pulse maximum, when the wave amplitude is large, plasma is produced much faster at the beam periphery than on the axis. This density profile represents a channel with "walls" of denser (even overcritical) plasma, so that part of the diverged waves are captured in the channel and reach the antenna as a second maximum. This microwave beam self-channeling was also confirmed by the beam transverse pattern recorded by the array of Ne lamps (Fig. 4) . For a vacuum, the pattern diameter was ∼9 cm, which agrees with the expansion of the Gaussian beam after its focal plane obtained both analytically and by MAGIC simulations (see Ref. [18] ). When the tube was filled with He at 4.5 × 10 3 Pa, the pattern diameter decreased to ∼4 cm [ Fig. 4(b) ], which indicates that only the central part of the beam propagated to this point. Increasing the pressure to 3 × 10 4 Pa results in a hollow pattern [ Fig. 4(c) ], indicating that an overdense plasma close to the axis blocks microwave transmission except at the beam periphery. Similar patterns are obtained for air but at different pressure values.
The side view of the time-integrated plasma light emission obtained by a digital camera is shown in Fig. 5 . One can see that, between the lens and focal plane, the plasma profile follows the focusing beam. However, beyond the focal plane, the light emission shape differs from the expanding beam and forms an ∼40 cm long (∼7 times the Rayleigh length) conelike channel. The beam creates an electric field of ∼165 kV=cm sufficient for channeling, only near the focal plane, where a hollow structure of the density distribution is formed. Further downstream, the beam diverges, the field decreases below the critical value, and the plasma is created mainly near the axis. Nevertheless, even a short "plasma channel" near the focal plane decreases the beam divergence and enhances the plasma density near the axis by self-focusing.
To verify that the plasma buildup is not altered by the lens flashover, the plasma light emission evolution was also studied using the 4QuikE camera (Fig. 6 ). Here t ¼ 0 corresponds to the time when the light emission begins, which is delayed by ∼1 ns relative to the time the beam enters the tube. The plasma is first generated at the focal location. Then, within ∼1 ns, it spreads in the forward direction and back towards the lens. The latter was explained in Ref. [21] by the reflection of the EM waves from the focal region, where the density approaches the critical value. Since t pulse < 1 ns, the plasma formation at the lens surface does not affect the beam's forward propagation.
Front view images of the plasma channel when the camera focus was aligned to the focal plane show a hollow central region in the light emission pattern for He at between frames shows that the hollow structure fills in within ≤ 1 ns. These data agree with the emission patterns obtained by the array of Ne lamps (Fig. 4) and present an additional indication that at these pressures the beam propagates only close to the axis. For the microwave power of ∼500 MW, the simulated by MAGIC electric fields in a vacuum at the focal location are ∼165 kV=cm on the beam axis and ∼25 kV=cm at r ¼ 3 cm. Thus, the electron energy decreases ∼36 times from the axis to the beam periphery, so that the plasma density builds up faster and becomes denser at the periphery than along the beam axis. This radial density distribution suggests that a guiding plasma channel forms in which the beam propagates with reflections from the larger density plasma boundary just like in an "optical fiber."
A numerical study of the plasma formation at the focal plane was carried out using 1D particle in cell (PIC) Monte Carlo collisional simulations [22] . The plasma was generated by the electron impact ionization of He or air started by 10 5 cm −3 density seed electrons. The modeling accounted for the electron-neutral momentum transfer collisions, excitation of electronic levels of neutrals, and ionization. The simulations show that, in He at 4.5 × 10 3 Pa, the plasma density reaches n e ≈ 2.3 × 10 12 cm −3 at r ¼ 2 cm and n e ≈ 6 × 10 11 cm −3 at r ¼ 0 after 0.8 ns from the pulse turn on [ Fig. 7(b) ]. The electron energy distribution function (EEDF) at that time shows that the electrons reach energies of the order of tens of keV [ Fig. 7(c) ]. The radial distribution of the plasma density agrees qualitatively with experimental data [left inset in Fig. 7(b) ]. The critical density necessary for the microwave cutoff is n cr ¼ 1.2 × 10 12 cm −3 , so that only the central part of the beam can propagate through the plasma, and is reflected from the overdense plasma, formed at the beam periphery. A similar result was obtained for air at 10 3 Pa. In addition, the simulations show that for lower or higher gas pressures, when the pulse duration exceeds 1 ns, or when the amplitude of the electric field is < 150 kV=cm, no channeling develops and the resulting plasma density's radial distribution remains Gaussian-like. These parameters agree with those predicted by Eq. (1). The electron energy was estimated using the luminescence generated by the electrons in plastic scintillators covered by light-blocking thin Al foil [ Fig. 8(a) ]. The luminescence emission with up to 20 μm thick aluminum foil can be excited only by electrons with an energy ≥15 keV [19] .
In the 1D PIC simulations, the plasma buildup continues after the microwave beam termination, and within 2 ns, the density increases up to n e ≈ 10 14 cm −3 . To verify these high ionization rates, the plasma density was estimated using the absolute calibrated spectroscopy system, which allows the measurement of the density ≥ 2 × 10 13 cm −3 . The measured spectral lines FWHM were almost equal to the instrumental broadening, and hence Doppler and Stark broadening are negligibly small [ Fig. 8(b) ]. The population of excited He I 1s3dð 3 DÞ, 1s3dð 1 DÞ, 1s3pð 3 PÞ 1s4sð 1 DÞ, and 1s4dð 1 DÞ levels was derived from the line intensities and compared with the results of time-dependent collisional radiative modeling [23] of the corresponding level population. This modeling was carried out with the time-dependent EEDFs obtained from the 1D PIC simulation. The plasma density found by this method was ≥ 10 14 cm −3 , which agrees well with the value of the density obtained by 1D PIC simulations at t > 2 ns. In conclusion, the experimental results show ionizationinduced self-channeling of a short pulse, high-power, focused microwave beam, injected into a gas for the first time. The guiding of the beam along a few Rayleigh lengths occurs due to the larger oscillating electron energy and, respectively, slower ionization rate at the beam axis than at its periphery. The data obtained using optical and spectroscopic methods agree with the 1D PIC simulations and analytical modeling.
